BACKGROUND/OBJECTIVE: Besides the effect of age used to define sarcopenia, there is need to understand the impact of adiposity on the relationship between lean (fat-free mass, FFM) and fat mass (FM) in order to diagnose sarcopenic obese phenotypes. More importantly, the regional distribution of skeletal muscle (SM) to adipose tissue (AT) or the composition of FFM (that is, SM proportion of lean mass) may also depend on adiposity. SUBJECTS/METHODS: In a large database (n ¼ 1737) of healthy males and females (age 11-84 years, BMI 13.5-52.5 kg/m 2 ) we investigated changes in the relationship between FFM and FM (normalized by height as fat-free mass index and fat mass index: FFMI and FMI, kg/m 2 assessed by densitometry) with increasing adiposity and age. In a subgroup (n ¼ 263) we analyzed the relationship between regional SM and (i) AT (by magnetic resonance imaging) or (ii) lean soft tissue (by dual X-ray absorptiometry) with increasing adiposity. RESULTS: The relationship between lean and FM was influenced by adiposity, age and gender. With increasing adiposity, SM/AT declined faster at the trunk in men and at the extremities in women. The contribution of appendicular SM to lean soft tissue of arms and legs tended to decrease at a higher adiposity in both genders (FMI 46.97 kg/m 2 in women; FMI47.77 kg/m 2 in men). CONCLUSION: Besides age and gender, adiposity and body region should be considered when evaluating the normal relationship between lean and FM, SM/FFM and SM/AT.
INTRODUCTION
The relationship between lean and fat mass (FM) is increasingly recognized as a functionally important constituent of nutritional assessment. Recent publications highlight its impact on clinical parameters like lung function, 1 post operative prognosis, 2 bone strength 3 and muscular disability 4 or frailty. 5 Moreover, the relationship between skeletal muscle (SM) and adipose tissue (AT) may facilitate our understanding of inter-individual differences in metabolic disturbances like insulin resistance associated with obesity or ageing. The term 'sarcopenic obesity' was coined for a new entity of a high-risk obese phenotype characterized by a low ratio of lean-to-FM. 6 Despite the clinical importance of sarcopenic obesity, the diagnosis is challenged by discrepant outcome parameters used (for example, FM and fat-free mass (FFM) 7 or SM and AT volumes 8 ), as well as by the absence of normal values. The most commonly used definition of sarcopenic obesity includes appendicular SM/ height 2 2 s.d. lower than a young reference population accompanied by %FM greater than the 60th percentile of an age-matched population. 9 For a comprehensive definition of sarcopenic obesity, the analysis of the physiological determinants of the lean-fat relationship is required. The first aim of the present study was to examine the relationship between lean and FM (both normalized for height) to resolve the question of how this relationship changes with age and degree of adiposity. Lean and FM were measured by densitometry in a large database of healthy Caucasian males and females (n ¼ 1737; age 11-84 years, BMI 13.5-52.5 kg/m 2 ). Second, there may be qualitative changes in the relationship between lean and FM with increasing adiposity that limit the use of more simple body composition parameters for the diagnosis of sarcopenic obesity. Strictly speaking, sarcopenic obesity is a deficiency of SM relative to AT mass. The identification of sarcopenic obesity can be based on single images of thigh muscle and AT volumes. 10 This simplification, however, requires an equivalent ratio of SM and AT at the lower extremities, arms or the trunk and very little is known about the regional distribution of these components and the alterations of this ratio with increasing obesity. Therefore, we investigated the ratio of SM/AT in a subgroup of 263 Caucasians to determine how much SM contributes to each body region (arms, trunk, legs) with advancing adiposity.
However, this ratio can only be diagnosed by the use of differentiated body composition analysis. But imaging technology is limited to research purposes because of high costs and cumbersome data analysis. The more easily obtained information on FM and FFM may therefore be used as a proxy of SM and AT volumes. But with advancing age or adiposity, the increase in connective tissue may mask a decrease in SM mass at unchanged total FFM. 8 In the third part of this study, we therefore investigated how much SM contributes to the lean mass of arms and legs (ratio of SM/lean soft tissue; measured by dual X-ray absorptiometry (DXA)) with increasing adiposity in a subgroup of 146 Caucasians p40 years.
SUBJECTS AND METHODS
The sample consisted of healthy Caucasian volunteers recruited to participate in studies performed at the Institute of Human Nutrition and Food Science of the Christian-Albrechts-University in Kiel from 2002-2011. In this analysis, 1737 subjects aged 11-84 were included (947 females, 790 males). Exclusion criteria were metallic implants, smoking, pregnancy, acute or chronical illness and regular intake of drugs. The study protocol was approved by the local ethical committee of the Christian-AlbrechtsUniversity in Kiel. Each subject provided informed written consent before participation. In addition, parents assented for underage children.
Anthropometric measurements
All participants arrived at the body composition laboratory of the Institute of Human Nutrition and Food Science in the morning at 0730 hours after an overnight fast of 48 h. Body height was measured to the nearest 0.5 cm with subjects wearing no shoes (seca stadiometer; Vogel & Halke, Hamburg, Germany). Weight was assessed to the nearest 0.01 kg with an electronic scale coupled to the BOD-POD device (TANITA, Tokyo, Japan).
Air-Displacement Plethysmography (ADP)
%FM was assessed using the BOD-POD device (Cosmed srl, Rome, Italy). All participants wore tight-fitting underwear and a swim cap. Two repeated measurements of raw body volume were performed, averaged and corrected for predicted body surface area and measured thoracic gas volume using the BODPOD software (version 1.69). %FM was calculated from body mass and volume via body density 11 applying child-specific corrections. 12 FM index (FMI) and fat-free mass index (FFMI) were calculated as FM (kg)/height (m) 2 and FFM (kg)/height (m) 2 , respectively.
Dual X-ray absorptiometry DXA was performed in a subgroup of 144 subjects (90 women, 54 men) using a HOLOGIC Discovery W (QDR 4500 A; Hologic, Bedford, MA, USA). Whole body and limb lean soft tissue and FM were differentiated using specific anatomic landmarks 13 and analyzed with the manufacturer's software (version V8.26a:3).
Magnetic resonance imaging (MRI)
In a subgroup of 263 subjects, volumes of SM, subcutaneous AT (SAT) and visceral AT were measured by whole-body MRI. Scans were obtained with a 1.5 T scanner (Magnetom Vision Siemens, Erlangen, Germany). Subjects were placed on the platform with their arms extended above their heads. The protocol involved the acquisition of B100 axial images of 10-mm thickness and 10-mm interslice-gaps across the whole body. Images were obtained using a T1-weighted gradient-echo sequence (TR 575 ms, TE 15 ms) and analyzed from wrist to ankle using the SliceOmatic software (version 4.3; Tomovision, Montreal, Qué bec, Canada). Arms were segmented from wrist to humerus heads, legs from femur heads to ankle and the trunk was defined as the region between femur heads and humerus heads. Visceral AT was segmented from the top of the liver to the femur heads. MRI estimates of muscle volumes were converted to mass using a density of 1.04 kg/l.
14 Intra-observer coefficients of variation based on comparison of repeated segmentations in five subjects were 0.9% for SAT, 1.0% for visceral AT and 1.8% for SM.
Statistical analysis
Statistical analyses were performed using SPSS for Windows 15.0 (SPSS Inc., Chicago, IL, USA). Data are given as means±s.d.s. In order to investigate the effect of age on the relationship between FM and FFM, both genders were allocated into age groups 11-o16 years, X16-o20 years, X20-o40 years, X40o60 years and X60 years. Differences between sexes within age groups were analyzed by independent samples t-test. For each gender, quartiles of FMI were plotted using Hattori charts. In this chart, the x axis represents FFMI and the y axis FMI. Diagonal lines indicating BMI and %FM were drawn as described by Hattori. 15 The relationship between regional SM and SAT was calculated as SM (L)/ SAT (L) ratio for each body compartment (arms, legs and trunk). The ratios were grouped by quintiles of FMI ADP to investigate the changes of each ratio with increasing degree of adiposity. Stepwise linear regression analyses were used to determine the relationships between SM/SAT ratios, FMI ADP and age.
The relationships between regional SM and lean soft tissue DXA (SM/lean soft tissue) were grouped by quintiles of FMI DXA in order to analyze the change in SM as a proportion of lean soft tissue with increasing adiposity.
Bland-Altman analysis was performed to compare FM measured by ADP and DXA. 16 The mean difference FM ADP À FM DXA was 2.5 ± 2.7 kg. The overestimation of FM DXA compared with FM ADP increased as a function of FM (r ¼ 0.51; Po0.001).
RESULTS
Relationship between FFMI and FMI with increasing age and adiposity A total of 1737 subjects (790 males, 947 females) between 11 and 84 years were included in these analyses. The descriptive characteristics for this study population are presented in Table 1 . Figure 1 shows the relationship between FFMI ADP and FMI ADP for different age groups stratified into quartiles of FMI ADP in men Table 1 . Characteristics of the study population stratified by sex and age groups (n ¼ 1737) Adiposity and lean to fat mass relationship B Schautz et al ( Figure 1a ) and women ( Figure 1b) . In males, the relationship between FFMI and FMI increased with age group up to young adulthood and decreased in the older age groups. The highest FFMI was observed in the age group X20-o40 years. By contrast in females, the highest FFMI per FMI was observed in the youngest age groups (X11-o16 and X16-o20 years). FFMI per FMI remained fairly constant up to the age group of X20-o40 years. In older age groups, FFMI was markedly lower. Similar to men, the lower FFMI in older age groups was accompanied by a higher FMI.
Relationship between regional SM MRI and AT MRI with increasing adiposity In a subgroup of 263 subjects, SM and regional body fat distribution were measured by MRI in order to examine how the regional ratio of SM/AT changes with higher adiposity. Men and women were grouped according to quintiles of FMI ADP in Table 2 . The relationship between the ratio of SM/AT for each part of the body (arms, trunk and legs) and FMI is illustrated in Figures 2a and   b (men and women) . In both genders, the ratio forms a power function of the FMI. In men, the exponents for the extremities were lower (0.31; 0.33) when compared with the trunk (0.66). By contrast, the curves for women all showed a lower slope than for men and the ratio of SM/SAT at the extremities declined faster with increasing FMI when compared with the SM/AT ratio at the trunk.
In order to investigate the factors influencing these ratios, stepwise multiple regression analyses with the ratio of regional SM/regional AT as dependent and age and FMI as independent variables were performed. FMI was the only predictor in women (explaining 52.8% of the variance in SM arms /SAT arms , 51.6% of the variance in SM legs /SAT legs and 53.2% of the variance in SM trunk / AT trunk ). In men, FMI was the main predictor of SM/AT-ratios, explaining 43.8% of the variance in SM legs /SAT legs , 33.8% in SM trunk /AT trunk and 43.9% in SM arms /SAT arms . Age explained additional 2.6% of the variance in SM trunk /AT trunk and 3.4% in SM arms /SAT arms .
Relationship between regional SM MRI and lean soft tissue DXA with increasing adiposity In order to determine the contribution of SM to lean soft tissue of arms and legs with higher adiposity, we measured appendicular SM by MRI and total FFM and regional lean soft tissue by DXA in a subgroup of 263 participants. In order to exclude a confounding effect of age, the ratio of SM/lean soft tissue DXA of the extremities was only calculated for subjectsp40 years (n ¼ 144). Participants were grouped according to quintiles of FMI DXA . Detailed information about this subgroup is given in the supplementary material. The relationships between the ratio of appendicular SM/lean soft tissue and adiposity are illustrated in Figure 3 for both genders, grouped by quintiles of FMI. In men, the ratio of SM/lean soft tissue for arms and legs show a tendency towards an increase with higher FMI up to the third/fourth quintile of FMI but tend to decrease with higher adiposity. In women, the shape of the curves was similar but the inflection point was located at FMI 6.97 kg/m 2 (second quintile), whereas in men it was FMI 7.77 kg/m 2 (fourth quintile). In both genders, the tendency towards a change in SM/ lean soft tissue with increasing adiposity was more pronounced at the arms compared with the legs.
DISCUSSION
The results of the present study indicate that in addition to age, adiposity and gender have an impact on the relationship between lean and FM adjusted for height as FFMI and FMI. The ratio of SM/ AT decreases with increasing adiposity depending on body region and gender. The contribution of appendicular SM to lean soft tissue of arms and legs decreased with higher adiposity in both genders. Therefore, simple parameters of sarcopenia like the ratio of FFM/FM or SM/AT derived from a single image at the legs may not be accurate without adjusting for adiposity because of an altered physiological relationship between these parameters at a higher adiposity.
Impact of age on the relationships between total lean and FM It has been well documented in the literature that puberty coincides with substantial changes to body composition. For example, in boys, increases in FFM have been observed, beginning at age 12 years and stabilizing by B17 years. 17 Our analysis confirms this observation. However, stabilization of FFM increase occurred at B20 years. This is depicted in Figure 1a . In girls, FFM was shown to plateau at the age B12 years. 17 By contrast in our study population, FFMI was slightly higher in young adulthood (16-20 years) compared with 11-15 years old girls (Figure 1b) . This difference may be caused by the use of absolute FFM in contrast to our analysis, which is based on height-adjusted FFM. FMI constantly increased with age group (Figure 1b) , which is in agreement with the literature showing an increase of adiposity in girls starting with the onset of puberty. 17 In women, FFMI was consistently lower with increasing age group after the age of 20 years, whereas in men this occurred after the age of 40 years (Figures 1a and b) . By contrast, Hull et al. 18 showed FFMI to peak with age 45 years in women and 25 years in men with a subsequent decrease thereafter. Barlett et al. 19 demonstrated the ratio of FFM/height to remain stable till age 50 years in women with a decrease afterwards and a nonsignificant decline in men 460 years. Schutz et al. 20 found an increase of FFMI till age 55-74 years in both genders and a decrease of FFMI in subjects older 75 years. 20 As we compared our results only with studies using height-adjusted FFM, these discrepancies might be because of differences in adiposity between the study populations. Previous studies only considered FFMI, whereas the Hattori chart provides a tool to examine age-related differences in FFMI independent of FMI. This is important because overweight and obesity are known to increase with age 21, 22 and a gain in FM is always accompanied by a gain in FFM.
Women o60 years and males aged 11-20 years in the lowest quartile of FMI show a disproportionately higher FFMI compared with the other quartiles of FMI in these age groups (Figure 1b) . This might be explained by a higher level of physical activity in this subgroup because physically active subjects are more likely to present higher FFM. 23 Postmenopausal women were shown to have higher FM and lower FFM 24 as well as lower SM 25 compared with younger women. This is in agreement with our analysis, because in female age groups X40 years, which mainly comprise women during or after menopause, a shift to lower FFMI and higher FMI was more pronounced (Figure 1b) .
It is well known, that elderly subjects have a higher body FM compared with younger people. 21, 22, 26 This was confirmed in our analysis showing an increase of the FMI with age group in the lowest quartiles of the FMI (Figures 1a and b) . Longitudinal observations in an elderly population have shown that total body weight remains stable, but masks an increase in FM and a decrease in FFM. 21 Several studies suggest that body weight increases during early and middle adulthood 24, 27 before declining in elderly populations. 28, 29 Impact of adiposity on the relationships between regional SM MRI and AT MRI The relationship between lean and FM is of high importance, because people with a higher ratio of total lean to FM were shown to have higher gait speed and less functional limitations. 30 With increasing FMI ADP , the ratio of SM/AT of the trunk decreases faster than corresponding ratios for the extremities in men (Figure 2a ). This could be explained by the preferential accumulation of visceral AT in the trunk region with higher degrees of obesity. 31 In women, body fat seems to accumulate predominantly at the extremities, because the curves of the ratio SM/SAT for arms and legs sloped faster downwards than the curve for the trunk (Figure 2b ). This effect is in line with studies showing a sexual dimorphism of body fat distribution. 32, 33 Our results show that a diagnosis of sarcopenic obesity solely based on fixed single cross-sectional images at the limbs 10 is not without limitation. The physiological ratio of SM to AT changes with higher adiposity according to gender and body region, so a single image of the thigh may not resemble this ratio in other parts of the body (that is, the trunk). As our sample consisted of healthy subjects with no recorded physical impairment, the described power functions may be used to evaluate the risk of Table 2 ) away from the graphs may thus indicate a case of lipodystrophy or sarcopenic obesity.
Impact of adiposity on the relationship between regional SM MRI and lean soft tissue DXA The ratio of SM/total lean soft tissue DXA at the extremities increased as a function of FMI DXA up to the third-fourth FMI quintile in men and the second-third FMI quintile in women. With higher extent of adiposity, the SM is more able to enlarge in men when compared with women. Accordingly, Heymsfield et al. 34 showed BMI to be more closely associated with muscularity in men than women. At a further increase in FMI, the SM increases underproportionately when compared with connective tissue (for example, FFM of AT). This was shown by Kelley et al., 35 who found a decreased density of lean tissue induced by a high proportion of connective tissue in the area of the muscle in obese subjects. A higher proportion of connective tissue alters the quality of FFM, which can lead to functional disability and mobility limitations. 36 We excluded subjects aged 440 years, because Kyle et al.
26
demonstrated that age-related differences in body cell mass and total body potassium were greater than the differences in FFM or appendicular lean soft tissue suggesting an altered composition of FFM with lower SM in older subjects. Our results show that interpreting sarcopenia or sarcopenic obesity only on the basis of total body FFM, for example, measured by bioelectrical impedance or ADP, could be misleading in the case of severe obesity or advanced age owing to a decreased ratio of SM to FFM. The higher the degree of adiposity, the lower the percentage of SM of appendicular lean soft tissue, but these changes are dependent on gender and body region.
One strength of our study is the large sample size of more than 1700 healthy subjects measured with ADP as well as the use of MRI as a gold standard technique.
But this is a cross-sectional rather than a longitudinal study and our sample is sparse of elderly subjects (470 years). This could have influenced our results, because different studies have shown a decrease of FM in elderly subjects starting after age 70 years. 37, 38 In addition, the relationship between fat and lean mass is known to be influenced by ethnicity. 18 As we only investigated Caucasians, our results are not transferable to other ethnic groups.
It is a limitation of our study that we did not analyze intermuscular AT (IMAT). Intermuscular AT increases with obesity and aging 39 and is associated with poor physical function. 40 Therefore, high amounts of intermuscular AT in sarcopenic obese individuals may independently of SAT contribute to physical disability and should be investigated as a marker of sarcopenic obesity in future studies.
Our results indicate that besides adiposity, age and gender should be taken into account when evaluating the relationship between lean and FM. In addition, the ratio SM/AT changes with increasing adiposity depending on body region and gender. Therefore, a single image of the thigh may not be representative for this ratio at the trunk. Even the composition of FFM (that is, the proportion of SM on lean soft tissue) changes with increasing adiposity because of an underproportional gain of SM. Therefore, those parameters may not be of predictive value for the diagnosis of sarcopenic obesity without taking into account the degree of adiposity.
